Abstract. Senescence has been suggested as a defense mechanism to block sporadic induction of cancer cells. Radiation treatment induces proliferating cancer cells to turn into non-proliferating senescent cells in vitro. To characterize transcriptional reprogramming after radiation treatment, we measured the gene expression profiles of MCF7 at different time points after treatment. In these experiments, we found that IR induced premature senescence in MCF7 cells, and IR treatment resulted in significant changes in the expression of 305 marker genes (<1% FDR), which were strongly correlated (|r|>0.9) with IR treatment in a time-dependent manner. Functional analysis of these markers indicated that the dynamics of cytoskeletal structure and lysosomal activity gradually increased. The expression of maker genes for modulator proteins, that were responsible for the dynamics of actin stress fibers and focal adhesion, displayed a particularly strong positive correlation with senescenceassociated (SA) morphological changes through time. We also observed a strong induction of genes related to lysosomal metabolic activity, which was accompanied by an increase in the number of SA-ß-Gal positive cells. However, the expression of genes for cell cycle progression, post-transcription and translation activities gradually decreased after radiation treatment. Especially, we observed clear cell cycle arrest specifically at the S and G2/M phases with consistent down-regulation of genes for microtubule assembly/disassembly or spindle biogenesis.
Introduction
Radiotherapy is one of the best therapeutic strategies for cancer treatment. The cellular response to ionizing radiation (IR) varies and encompasses a spectrum ranging from growth arrest to apoptotic cell death (1) . To obtain a better understanding of IR-induced molecular processes, IR response genes have been identified and shown to belong to the DNA damage response, regulation of cell cycle and cell proliferation, apoptosis, and intracellular signaling cascade (2) . However, in evaluating the relative contribution of apoptosis and senescence to tumor regression, recent data suggest that senescence may play a more significant role in the primary mechanism underlying loss of the self-renewal capacity in IR-or drug-treated cancer cells (3) (4) (5) .
Cellular senescence is a stress-response phenomenon in which cells lose the ability to proliferate. It is induced by telomere shortening, dysregulation of oncogenes or tumor suppressor genes, or exposure to a sub-lethal dose of DNA damaging agents or oxidative stresses (6, 7) . Senescent cells undergo functional and morphological changes including large and flattened cell shape, senescence-associated ß-galactosidase (SA-ß-Gal) activity, and senescence-associated heterochromatic foci (SAHF) formation (6, 8, 9) . Recent studies suggest that one of the critical steps of carcinogenesis is an escape from senescence in preneoplastic lesions. For this reason, senescence is considered as a cellular defense mechanism to prevent tumorigenesis, and induction of premature senescence in immortalized cancer cells is a promising treatment for tumors (10) (11) (12) . However, the mechanism underlying cancer cell senescence induced by the treatment with IR or drugs is not fully understood.
Cells undergoing stress-induced premature senescence remain metabolically active and display characteristic changes in gene expression patterns, as well as the aforementioned senescence-specific features (6) . DNA microarray analysis has been used to assess alterations in gene expression under a range of different cellular conditions. The advent of gene expression profiling and bioinformatics analysis greatly facilitated the identification of genes and pathways that regulate cellular senescence. Most of these changes, such as activation of p53 or the up-regulation of the cyclin-dependent kinase (CDK) inhibitors, relate directly to the establishment and maintenance of growth arrest. Also, it is worth noting that senescent cells produce increased amounts of various proteins, which are involved in cell cycle regulation, immune and inflammation, cytoskeleton, stress response, and metabolism (13) (14) (15) . Recently, the data obtained from several gene expression profiles and supporting functional data have lead to the identification of the key genes regulating senescence and immortalization, relating to the following 6 pathways (16): the cell cycle pRB/p53, cytoskeletal, interferon-related, insulin-like growth factor (IGF)-related, mitogen-activated protein kinase (MAPK), and oxidative stress pathways. Furthermore, there is increasing evidence that secreted proteins from senescent cells are primarily responsible for altering the tissue microenvironment surrounding tumors, and can affect neighboring senescent and preneoplastic cells through paracrine signaling (17, 18) . However, although IR is one of the most potent inducers of senescence, the mechanism by which IR induces premature senescence in cancer cells is still largely unknown.
In the present study, we categorized differentially expressed genes during induction of premature senescence in breast cancer cells by IR, and scrutinized the biological processes of stress-induced senescence. The present data could help provide a better understanding of IR-induced premature senescence in cancer cells, and aid in the development of novel strategies for diagnostic and therapeutic purposes in cancer treatment.
Materials and methods
Cell culture and IR exposure. Human breast cancer MCF7 cells were purchased from the American Type Culture Collection and cultured in DMEM (MyClone, Logan, UT) supplemented with 10% FBS (WelGENE, Daegu, Korea), and 1% penicillin/streptomycin solution at 37˚C in a 5% CO 2 incubator. For irradiation, cells were exposed to Á-ray with a 137 Cs Á-ray source (Atomic Energy of Canada, Mississauga, Canada) at a dose rate of 3.0 Gy/min.
SA-ß-Gal assay.
To determine the senescent phenotype, cells were stained for ß-galactosidase activity described in Dimri et al (8) with minor modifications. Briefly, cells were washed in PBS, fixed at room temperature for 3-5 min in 3% formaldehyde/0.2% glutaraldehyde, washed with PBS, and incubated at 37˚C (without CO 2 ) with a fresh staining solution consisting of 1 mg/ml 5-bromo-4-chloro-3-indolyl ß-D-galactoside (X-Gal, from a stock solution of 20 mg/ml in dimethylformamide) in 40 mM citric acid/sodium phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl and 2 mM MgCl 2 . Staining was evident in 4-8 h and maximal at 12-16 h.
Colony forming assay (CFA).
Clonogenicity was examined using a colony forming assay. Cells (1x10 3 ) were seeded onto 35-mm plates in culture media containing 10% FBS for 7-10 days. Colonies were stained with Diff Quick (Sysmex Corp., Kobe, Japan) and counted using an Artek Counter (Imaging Products International Inc., Chantilly, VA).
FACS analysis.
To determine cell cycle distribution, cells were collected by trypsinization, fixed in 70% ethanol, washed in PBS, and resuspended in 1 ml of PBS containing 1 mg/ml RNase and 50 μg/ml propidium iodide. After incubation in the dark for 30 min at room temperature, cell cycle distributions were analyzed using an EPICS flow cytometer (Beckman-Coulter Inc., Miami, FL, USA). The data were analyzed using Multicycle software (Phoenix Flow Systems, San Diego, CA, USA).
Western blot analysis. Cells were washed with ice-cold phosphate-buffered saline (PBS), lysed in 50 μl of ice-cold RIPA buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.5% SDS, 1 mM Na 3 VO 4 , 5 mM NaF, and 1 mM phenylmethylsulfonyl fluoride), and collected by scraping with a rubber policeman. Cell disruption was achieved by vortexing repeatedly at 30-sec intervals on ice. Particulate debris was removed by centrifugation at 13,600 x g for 10 min. The protein concentration in the supernatants was determined using the BCA method. Equal amounts of proteins (30 μg) were separated on 10-12% SDS-polyacrylamide gels and then transferred onto nitrocellulose membranes. The membranes were incubated overnight at 4˚C with one of the specific antibodies. After washing three times in TBST, horseradish peroxidase-conjugated goat anti-mouse, goat anti-rabbit, or donkey anti-goat antibodies were applied. The proteins were visualized using enhanced chemiluminescence with a LAS-3000 image system (Fujifilm Medical systems USA Inc., Stanford, USA).
Sample labeling and Illumina BeadChip array hybridization.
Total RNA from MCF7 cells was isolated using the TRIzol reagent (Invitrogen, CA) according to the manufacturer's instruction. The quality of total RNA was checked by gel electrophoresis and RNA concentrations were determined using the Ultrospec 3100 pro spectrophotometer (Amersham Bioscience, Buckinghamshire, UK). Biotin-labelled cRNA samples for hybridization were prepared according to the Illumina recommended sample labeling procedure. Briefly, 500 ng of total RNA was used for cDNA synthesis, followed by an amplication/labeling step (in vitro transcription) to synthesize biotin-labelled cRNA according to the Illumina ® TotalPrep RNA Amplification kit (Ambion Inc., Austin, TX). The cRNA concentrations were measured by the RiboGreen method (Quant-iT TM RiboGreen ® RNA assay kit; InvitrogenMolecular Probes, ON, Canada) using the Victor3 spectrophotometer (Perkin-Elmer, CT) and cRNA quality was checked on a 1% agarose gel. Labeled, amplified cRNA (1.5 μg per array) was hybridized to a ver. 2 of the Illumina Human-6 BeadChip (48 K) according to the manufacturer's instructions (Illumina, Inc., San Diego, CA). Array signals were developed by Amersham fluorolink streptavidin-Cy3 (GE Healthcare Bio-Sciences, Little Chalfont, UK) following the protocol outlined in the BeadChip manual. Arrays were scanned with an Illumina Bead array Reader confocal scanner (BeadStation 500GXDW; Illumina, Inc.). Array hybridizations were conducted with four sets of RNA samples from independently cultured cell samples per unit time. Array data processing and analysis was performed using Illumina BeadStudio software.
Transcriptome data analysis. The raw signals were transformed into log 2 scale. The quantile normalized dataset was analyzed by ANOVA as a function of time. ANOVA p-values were used to evaluate for the false positive proportion by false discovery rate analysis (Partek Genomics Suite 6.3). The Pearson correlation coefficients were computed to quantify the relation between expression and time. The data discussed in this publication have been deposited in the NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE21748.
Results

IR induces premature senescence in MCF7 cells.
To determine the efficiency with which IR induces premature senescence in cancer cells, we first examined the morphological changes and clonogenicities in MCF7 human breast cancer cells exposed to various doses of IR. Colony forming ability was markedly decreased by IR irradiation, and senescencespecific morphologies, such as a large and flat cellular shape, progressively increased in a dose-dependent manner (Fig. 1A) . We found that the 6 Gy of the IR dose effectively induced premature senescence. To confirm the effect of 6 Gy IR on senescence induction, cellular morphology and SA-ß-Gal activity were examined for 4 days. The number of cells that displayed a senescence-specific morphology and positive SA-ß-Gal activity gradually increased up to 4 days (Fig. 1B) . In addition, cell proliferation was greatly retarded due to senescence induction, and almost all cells were positively stained with SA-ß-Gal after 4 days. When we analyzed the cell cycle distribution by flow cytometry, growth arrest in the G1/S phase was observed and the subG1 population was <10% up to 4 days (Fig. 1C) . Molecular changes related with cell cycle arrest were observed in IR-exposed cells. Loss of phospho-pRB, accumulation of p53, and induction of p21 were detected 1 day after irradiation and these changes were sustained for up to 4 days (Fig. 1D) . Interestingly, the transcript of p21 was significantly increased, however, the transcript of p53 was not changed. Collectively, these results indicate that the 6 Gy of the IR dose effectively induced premature senescence phenotypes in MCF7 cells.
Selection of marker genes showing correlation according to time after irradiation.
To find marker genes reflecting the above-mentioned phenotypes, we selected genes that displayed a significant change (ANOVA p-value within 1% FDR) and strong correlation (Pearson correlation coefficient |r|>0.9) with time. From this analysis, 305 genes were found to be altered in a time-dependent manner after exposure to IR and thus were selected as potential stringent markers. Among them, 177 genes showed a positive correlation indicating gradual up-regulation, and 128 genes showed a negative correlation indicating gradual down-regulation after IR exposure. Based on the results of the functional studies, alterations in expression of these genes may explain the phenotypes observed during IR exposure, which suggests that the genes may be canonical markers for IR treatment.
Dynamic modulation of actin structure as a key for the change of cellular shape. Actin protein is the major component of the cytoskeleton, and the rearrangement of actin cytoskeleton plays a pivotal role in dictating cellular shape. Among the 305 markers indentified in the previous section, 14 markers corresponded to genes encoding proteins that are related to the structure of actin (Table I ). All of these genes showed positive correlation except Rho GTPase activating protein 19 (ARHGAP19), which encodes a Rho GTPase activation protein, that negatively regulates Rho GTPases by stimulating GTPase activities. In this functional category, there were four more genes encoding GTP binding proteins including Ras homolog gene family, member C (RHOC), RHOQ, RHOU, and Rho family GTPase 1 (RND1). RND1 and RHOU proteins lack intrinsic GTPase activities (19, 20) , and these two modulators affect the cell shape by regulating the dynamics of the actin cytoskeleton and its reorganization (21) . Indeed, the overexpression of RND1 in fibroblasts inhibits the formation of actin stress fibers, focal adhesions, and membrane ruffles and these effects collectively cause cell rounding (22) . The RHOU protein also dissolves stress fibers, disassembles focal adhesions, and induces filopodium formation (19, 20) . Like the RHOU gene, FYVE, RhoGEF and PH domain containing 3 (FGD3) encode proteins that promote formation of filopodia and induce broad sheet-like protrusions (23) . Other GTP binding proteins encoded in the RHOC and RHOQ genes can modulate the actin cytoskeleton (24) . Our data showed that the phenotypic morphological change caused by IR exposure was strongly correlated with the collective upregulation of these genes, which are responsible for the dynamics of actin stress fibers and focal adhesion formation.
The remaining genes ( Table I ) encode proteins that are associated with the actin molecule. Shroom family member 3 (SHROOM3) encodes a protein that colocalizes with F-actin in stress fibers. Supervillin (SVIL) produces a protein that is also known to associate tightly with actin filaments near the plasma membrane. Palladin (PALLD) encodes a protein that is required for the organization of actin cytoskeleton, and the WAS protein family, member 3 (WASF3) encodes an effector molecule that acts as a link between tyrosine kinase receptors and small GTPases which modulate the actin cytoskeleton. There were two genes, Zyxin (ZYX) and Thymosin ß 4, X-linked (TMSB4X) that encode proteins responsible for actin polymerization and depolymerization, respectively. There is a sequential relation between the expression of these two genes; TMSB4X expression up-regulates ZYX expression (25) . Finally, there was Gelsolin (GSN), which encodes a protein that binds directly to the actin monomers and filaments to promote assembly and cleavage of the actin fibers.
Induction of lysosomal metabolic activity accompanying the increase of SA-ß-Gal positive cells. There were seven gene encoding proteins that were involved in lysosomal metabolism Table I . List of genes responsible for the regulation of actin polymerization/depolymerization. (Table II) . Aside from one gene, ·-N-acetyl-galactosaminidase (NAGA), all other genes in this functional category showed a positive correlation. The NAGA gene encodes an enzyme that cleaves the ·-N-acetylgalacto-saminyl region from glycoconjugates. Among the remaining genes, four encode enzymes involved in sugar catabolism. ·-L-iduronidase (IDUA) encodes an enzyme that plays a role in the degradation of glycosaminoglycans. Sialidase 1 (NEU1) encodes an enzyme that cleaves terminal sialic acid residues from glycoproteins and glycolipids. Sialic acid acetylesterase (SIAE) encodes an enzyme that specifically removes the acetyl groups of sialic acids modified by 9-O-acetylation, and the Prosaposin (PSAP) encodes a protein that facilitates the catabolism of glycosphingolipids.
Also, another marker gene, Cathepsin D (CTSD), encoded an acid protease found in lysosomes. Although not directly related to the lysosome, there was a gene encoding a protein that was targeted to the Golgi complex, N-acetylglucosamine-1-phosphate transferase, Á subunit (GNPTG). The GNPTG protein is the recognition component of UDP-Nacetylglucosamine:lysosomal-enzyme N-acetylglucosamine-1-phosphotransferase complex, which catalyzes the initial step of the synthesis of the mannose-6-phosphate determinant. This modification is required for trafficking of lysosomal hydrolases from the Golgi to lysosome.
Cell cycle arrest and slow-down at S and G2/M phases. There were sixteen marker genes encoding proteins involved in regulating the cell cycle (Table III) . Among these genes, several genes encoded proteins that play important roles in the various phases of the cell cycle or display cell-cycle dependent expression patterns. One of these genes, B-cell translocation gene 1, anti-proliferative (BTG1) (r=0.94), which is transcriptionally regulated in a cell cycle-dependent manner, is involved in the G0/G1 phase. BTG1 belongs in the antiproliferative gene family, and its expression is up-regulated in G0 and subsequently down-regulated in G1 (26) . Before the cells undergo mitosis (M), the nuclear DNA should be completely replicated in S. Interestingly, our data showed that two major DNA polymerases were down-regulated: Table II . List of genes encoding the enzymes/proteins in lysosomes. Illumina ID  Symbol  FDR  r  Role  Gene Table III . List of genes encoding proteins involved in the cell cycle and cell proliferation.
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Polymerase (DNA directed), Â (POLE) and Polymerase (DNA directed), ‰ 1, catalytic subunit 125 kDa (POLD1). In addition, Timeless homolog (Drosophila) (TIMELESS)
, which encodes a mediator for DNA replication and the intra-S phase checkpoint (27) , also showed a negative correlation. Furthermore, E2F transcription factor 2 (E2F2) encoding a transcription factor that is responsible for the activation of genes required for G1/S, was found to be down-regulated in our data. We also found that the Forkhead box M1 (FOXM1) gene, which encodes a transcription factor responsible for expression of many G2-specific genes, had a negative correlation. Finally, two genes, Growth arrest and DNA damage-inducible, · (GADD45A) and Cyclin F (CCNF), were found to have a positive and a negative correlation, respectively. The GADD45A protein arrests the cell cycle at G2/M, and the CCNF protein is a G2/M cyclin.
Concerted down-regulation of genes related to microtubule/
spindle. There were 15 genes encoding proteins related to microtubules (Table IV) . Most of them showed a negative correlation except three genes including Micro-tubuleassociated protein 1 light chain 3 ß (MAP1LC3B), Growth arrest-specific 8 (GAS8), and Tubulin, ß 3 (TUBB3). TUBB3 is a major microtubule constituent, MAP1LC3B is involved in microtubule assembly, and GAS8 is a linker between the microtubules and cytoskeleton. The remaining genes showing a negative correlation were involved in either microtubule structure or spindle organization/biogenesis. Among the down-regulated genes, six genes were related to microtubule structure including the genes encoding two major microtubule constituents, such as Tubulin, ß polypeptide 4, member Q (TUBB4Q) and Tubulin, ß 8 (TUBB8). The T-complex 1 (TCP1) gene, that encodes a molecular chaperone responsible for folding tubulin proteins, was also down-regulated. The Regulator of chromosome condensation 2 (RCC2) and G2/S-phase expressed 1 (GTSE1) genes encode proteins known either to interact or to colocalize with microtubules. The Stathmin1/oncoprotein 18 (STMN1) gene, that encodes a protein responsible for disassembly of microtubules, was also found to be down-regulated. Stathmin overexpression is known to associate with highly proliferative breast cancer cells (28) , and the suppression of stathmin expression shows tumor-suppression function in breast cancer cell lines that contain a mutation in p53 (29) .
Although all the above-mentioned genes could be directly or indirectly related to the spindle structure, seven genes are known to be definitively involved in spindle organization and biogenesis. Both Aurora kinase A (AURKA) and TPX2, microtubule-associated, homolog (Xenopus laevis) (TPX2) encode proteins that locate to the spindle microtubules and the spindle poles. The proteins encoded in these genes work sequentially; TPX2 first finds the spindle microtubules and then recruits AURKA (30) . The Calmodulin 3 (phosphorylase kinase, ‰) (CALM3) gene encodes a protein that is also known to localize to spindle poles during mitosis. A recent result shows that one of our markers, Tubulin folding cofactor D (TBCD), which encodes a tubulin-folding protein, plays an important role in the organization of the mitotic spindle (31) . The Rac GTPase activating protein 1 (RACGAP1) gene encodes for a protein that accumulates to the mitotic spindle during metaphase and condenses in the midbody during cytokinesis (32) . Family with sequence similarity 33, member A (FAM33A) (Ska2), which encodes for a component of the spindle and kinetochore (KT)-associated complex, is required for timely anaphase onset (33) . Overall the negative correlation of all these markers responsible for spindle organization and biogenesis strongly reflects the active mitotic suppression in the radiation-treated MCF7 cells. Table IV . List of genes encoding factors associated with microtubules and spindles. 
Down-regulation of activities in transcription and translation.
There were 21 genes encoding proteins that are involved in RNA processing and translation (Table V) . Most of these genes showed a negative correlation. Among the negatively correlated genes, the following were involved in mRNA splicing: Polypyrimidine tract binding protein 1 (PTBP1), Small nuclear ribonucleoprotein polypeptide C (SNRPC), and Heterogeneous nuclear ribonucleoprotein A2/B1 (HNRPA2B1). Additionally, there were two genes related to mature mRNA transportation, Nuclear transport factor 2-like export factor 2 (NXT2) and GLE1 RNA export mediator homolog (yeast) (GLE1). The products of these genes play sequential roles in nuclear transport. The down-regulation of these genes indicates the IR exposure resulted in the suppression of overall post-transcriptional activity.
We also found two genes that directly affect mRNA structure, which in turn alters translation initiation, and one gene that affects ribosomal recognition of mRNA. A Eukaryotic translation initiation factor 4A (EIF4A) isoform, EIF4A2 encodes a protein that has RNA helicase activity (34) . The EIF4A protein melts the secondary structure of the 5' untranslated region of RNA to facilitate binding of the 40S ribosomal subunit. The Poly(A) binding protein, cytoplasmic 1 (PABPC1) gene encodes a protein that binds to the poly(A) tail and regulates translation initiation. Both EIF4A2 and PABPC1 were positively correlated with IR treatment. In addition, the EIF4EBP2 gene, which is involved in translation initiation, was negatively correlated with IR exposure. This protein sequesters EIF4E and prevents it from binding with EIF4F, which ultimately prevents translation initiation (35) .
We also observed several negatively-correlated genes that are directly involved in protein synthesis. They included two genes involving in ribosomal RNA processing, UTP18, small subunit (SSU) processome component (UTP18) and HEAT repeat containing 1 (HEATR1). There were several genes encoding mitochondrial ribosomal protein large subunits (MRPLs) including MRPL41, MRPL38, MRPL48, MRPL18, and MRPL11. Importin 8 (IPO8) gene, which showed a negative correlation, was also included in this functional category, and its encoded protein is responsible for the nuclear import of nuclear-targeted proteins. Overall, most of these changes result in the down-regulation of activities in post-transcription and translation except the specific upregulation at the translation initiation stage.
Discussion
Cellular senescence historically has been described in normal human cells undergoing a finite number of divisions before permanent cell cycle arrest (36) . However, it is now recognized that the senescence phenotype can be also achieved in cancer cells through a variety of different treatments (37) . Recent studies have reported that induction of premature senescence may be a promising method to treat cancer (4, 38) . We previously demonstrated that IR effectively induced ONCOLOGY REPORTS 24: 395-403, 2010 Table V. Genes responsible for RNA processing and translation. 
premature senescence in human breast carcinoma MCF7 cells. To identify markers for detecting senescent cancer cells, we performed comparative proteomic analysis during senescence induction in response to IR. Using this approach, we found that cathepsin D (CD) and eukaryotic translation elongation factor 1·1 (eEF1A1) hold promise as markers for the detection of cellular senescence (39) . However, there is still lack of knowledge regarding the mechanism of IR-induced senescence.
To identify genes specifically associated with the premature senescence phenotype induced by IR exposure, we examined changes in cellular properties and global gene expression in the breast cancer cell line MCF7 during 4 days after irradiation. The radiation changed the overall morphology of MCF7 cells to a senescence-like morphology and increased SA-ß-Gal activity. The cell cycle profile indicated that the cells were arrested at G1 and the S phase disappeared. The lack of proliferative activity in irradiated cells was confirmed using a colony forming assay. The radiation changed the global pattern of gene expression as well as the morphology and phenotype. The 305 markers that displayed both significant changes after radiation and strong correlations with time were identified. Since these marker genes also could indicate characteristics of long-term radiation effects, they might be relevant to understand mechanism of remedy. Through functional analysis, these markers were divided into a few specific categories including actin cytoskeleton structure, lysosome activity, cell cycle, spindle structure and protein synthesis. Altered expression of these markers was consistent with the changes in the morphological characteristics of the cells observed after IR exposure.
Most of the markers associated with the actin cytoskeleton structure were up-regulated. The actin cytoskeleton is a key determinant of cell shape. The gradual increase in expression of these genes might be responsible for the gradual morphological changes in cell shape after irradiation. We also found that expression of 7 genes encoding proteins for lysosomal activity was altered. Most of these genes showed a positive correlation and were in good agreement with the SA-ß-Gal assay results. Lysosomal ß-galactosidase activity has been shown to increase in senescent cells due to increased lysosome content and activity (40) . Moreover, NEU1, which was positively correlated with IR exposure, is detected in a lysosome-targeted multiprotein complex with ß-galactosidase and protective protein/cathepsin A (PPCA) (41) , and causes the desialylation of both platelet-derived growth factor (PDGF) and insulin-like growth factor 1 (IGF-1) receptors and diminishes the intracellular signals induced by their mitogenic ligands (42) .
Among the markers associated with the regulation of the cell cycle, 16 genes were directly related to the cell cycle process. These genes were responsible for transitioning the cell cycle from G0 to G1, and from S to G2/M. Regardless whether these genes were positively or negatively correlated, any of these changes could strongly arrest the cell cycle progression by altering cell cycle checkpoints. We observed concerted down-regulation of genes related to the microtubule and spindle structures. A total of 15 genes were identified in this functional category, and seven genes were directly involved in the spindle structure. These genes are involved in centrosomal regulation during mitotic division. Some of the proteins encoded in these genes could serve as the main microtubule organizing center (MTOC) of the animal cell as well as a regulator of cell-cycle progression. Its aberrant structure or inactivation of MTOC leads to cell cycle arrest, mitotic catastrophe or apoptotic cell death (43) . The markers for the cell cycle and the spindle structure categories strongly suggest the transcriptional end stage of the cell cycle arrest, specifically M on the transcriptional level. We also found that overall protein synthesis might be down-regulated. There was consistent suppression of genes for the mitochondrial ribosomal large subunits and for the processing enzymes of cytosolic rRNAs. Previous studies have shown a strong decrease in ATP production in senescent human fibroblasts, together with increased mitochondrial ROS production (44, 45) . However, some genes that are involved in translation initiation, showed positive correlations.
Many studies have examined gene expression profiles in replicative senescence in normal human cells (46, 47) . It has been also reported that IR exposure induces changes in the gene expression profiles of cancer cells, which has simply been denoted as IR-response genes (7, 32, 48, 49) . Since no study has previously examined and characterized the gene expression profile in senescent cancer cells after IR exposure in a time-dependent manner, we defined our selected markers as senescence-associated genes, which were highly consistent with the senescent phenotype induced by IR exposure in cancer cells. We believe the results of this study could provide a better understanding of the molecular mechanism of senescence progression induced by IR treatment.
